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We study the effect of large-scale tidal fields on internal halo properties using a set of N-body
simulations. We measure significant cross-correlations between large-scale tidal fields and several
non-scalar halo properties: shapes, velocity dispersion, and angular momentum. Selection effects
that couple to these non-scalar halo properties can produce anisotropic clustering even in real-space.
We investigate the size of this effect and show that it can produce a non-zero quadrupole similar in
size to the one generated by linear redshift-space distortions (RSD). Finally, we investigate the clus-
tering properties of halos identified in redshift-space and find enormous deviations from the standard
linear RSD model, again caused by anisotropic assembly bias. These effects could contaminate the
values of cosmological parameters inferred from the observed redshift-space clustering of galaxies,
groups, or 21cm emission from atomic hydrogen, if their selection depends on properties affected by
halo assembly bias. We briefly discuss ways in which this effect can be measured in existing and
future large-scale structure surveys.
I. INTRODUCTION
In the standard ΛCDM model, small seed fluctuations
in the early Universe grow to form a complicated dis-
tribution of matter at present day. The key process at
work is anisotropic gravitational collapse, which produces
nonlinear structures like halos, filaments and sheets in a
reticulated pattern called the cosmic web [1]. The con-
nection between matter and observed tracers like galaxies
is complex and intricate, but on large scales the cluster-
ing strength of haloes is approximately linearly biased
compared to the clustering of matter [2] (for a review see
[3, 4]).
It has long been understood that the linear bias be-
tween halos and mass must depend on halo mass and
redshift, in the sense that more massive halos are more
strongly clustered than less massive, while for a fixed
mass, halos are more clustered at earlier times [2]. The
Press and Schechter [5] ansatz predicts that bias depends
only on mass and redshift [6, 7]. However, this model
breaks down in detail, and the clustering properties of
halos at fixed mass and redshift have been shown to ad-
ditionally depend on other internal halo properties in-
cluding the formation time and history, spin, concentra-
tion, angular momentum, shape, etc. [8–11]. These extra
dependencies are commonly referred to as halo assembly
bias, although “secondary bias” is a more apt term. To
understand galaxy assembly bias we have to further in-
clude additional dependencies between galaxy numbers
and halo properties, and between galaxy and halo prop-
erties [3]. In this paper, we focus exclusively on halo
assembly bias. This is the key effect for the clustering of
groups of galaxies found using observed galaxy positions,
while for galaxies and 21cm observations it is modulated
by the galaxy–halo connection [3].
Halo assembly bias has been detected in numerical sim-
ulations [12, 13] and understood in theory using peaks
[14], and the tidal field [15]. Observationally, no con-
vincing detection of halo assembly bias exists for cluster-
sized halos [16] or group-sized halos [17]. [18] consid-
ered the clustering of redshift-space group catalogues in
the Sloan Digital Sky Survey, as a function of the local
tidal field. They found that all qualitative trends in the
monopole matched those in simulations with no assembly
bias, suggesting that mass-dependent effects dominate
the trends seen. Differences in the clustering of Lumi-
nous Red Galaxies as observed by the Baryon Oscillation
Spectroscopic Survey (BOSS) have also been found after
splitting the sample by star formation history [19], and
by orientation [20].
The picture of halo assembly bias is complicated be-
cause halo properties are themselves correlated. For ex-
ample, older haloes tend to be more concentrated, and
formed in stronger tidal fields. Thus, it is not immedi-
ately obvious that a correlation between any one halo
property and the large-scale clustering strength means
that this property is the root cause of assembly bias [11].
Nevertheless, several works have shown that tidal fields
are important in producing the assembly bias observed
in low-mass halos [21, 22].
An additional complication for real data is that we
observe the positions of objects in redshift-space. On
large scales, the standard model for the effects of redshift-
space-distortions (RSD) is the linear model of [23]. This
model assumes that the tracer field is related to the un-
derlying real-space matter field via some (possibly non-
linear) transformation, and then tracers are put into
redshift-space in a manner that conserves number. This
is a good description for halo cores and galaxies on large
scales. However, there are cases where this Kaiser picture
is not valid, e.g. Ly-α forest [24] and voids [25], where one
of the tenets of the Kaiser derivation breaks down.
The amplitude of assembly bias is intimately connected
with the selection of objects for which clustering is mea-
sured. For observational data, redshift-space effects need
to be included when considering the selection of objects.
Hirata [26] argued that selection linked to orientation in
redshift-space will lead to an anisotropic clustering signal
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2in addition to RSD (see also [27]). The amplitude of this
effect depends on the object and selection method. Both
[28] & [29] used simulations to investigate whether as-
sembly bias can affect standard large-scale measurements
based on galaxy clustering, and found only a small signal
at the limits of their simulations, consistent with assem-
bly bias having a weak effect on galaxies selected with a
standard algorithms. This does not mean that assembly
bias has to be small for groups selected from the observed
positions of galaxies, as we show below.
In this paper we use simulations, described in §II, to
further investigate how non-scalar internal halo proper-
ties are correlated with large-scale anisotropic tidal fields.
Using these simulations we find that halo shapes, veloc-
ity dispersions, and angular momenta are highly corre-
lated with tidal fields on large scales (§III). These forms
of anisotropic assembly bias imply that any orientation-
sensitive selection procedure will lead to anisotropic
large-scale clustering, even in real-space. This holds true
not only for selection of individual objects like galaxies,
but also for selection of galaxy groups and clusters in
redshift-space. In §IV we illustrate how various selection
effects can introduce anisotropy in the real-space power
spectrum, and thereby contaminate redshift-space clus-
tering measurements of the growth of cosmic structure
made with groups. We discuss the results and possible
consequences in §V.
II. NUMERICAL SIMULATIONS
In order to investigate in detail the internal properties
of halos and their correlations with the large-scale tidal
field, we use 1000 N-body simulations, a subset of Qui-
jote1 suite [30]. The subset we use are the output snap-
shots at z = 0 from the dark matter only simulations run
using TreePM+SPH code Gadget-III [31] in a periodic
box size of 1h−1Gpc with 5123 particles. The mass of a
single particle is Mp = 6.57× 1011 [h−1M]. All simula-
tions were run using the following values of cosmological
parameters: Ωm = 0.3175, Ωb = 0.049, ΩΛ = 0.6825,
ns = 0.9624 and h = 0.6711, which are in good agree-
ment with the constraints from Planck [32]. We use the
Friends-of-Friends (FoF) algorithm [33] to identify halos
both in real- and redshift-space using the linking length
bll = 0.2 and different minimum number of particles per
halo nmin.
III. TIDAL FIELD CORRELATIONS
Halo bias can be understood as a consequence of corre-
lations between properties of halos and properties of the
large-scale environments of those halos. Peaks bias is a
1 https://github.com/franciscovillaescusa/Quijote-simulations
well-known example of this: the presence of a large-scale
background overdensity raises the masses of the halos
arising from small-scale peaks, leading to massive ha-
los being clustered in high-density environments [2]. We
normally consider only the overdensity δ associated with
long-wavelength modes when studying large-scale bias,
but there are other properties of long-wavelength modes
that can affect halo properties and therefore lead to as-
sembly bias. An example of this is the tidal field, which
we will define as
sij(k) =
(
kikj
k2
− δij
3
)
δm(k), (1)
where δm(k) is the matter overdensity field, and δij is
the Kronecker δ. Since this is a traceless tensor quan-
tity, by symmetry sij cannot correlate with any scalar
property of a halo like mass, concentration, etc. How-
ever, it can correlate with non-scalar halo properties. A
well-known example of this is the GI correlation between
(galaxy) shapes and the large-scale tidal field, which acts
as a contaminant for weak gravitational lensing [34]. For
halos, the analogue would be a correlation between sij
and the shape of a halo. We will define halo shapes using
the dimensionless quadrupole tensor,
Iij =
1
Np
Np∑
k=1
∆xk,i∆xk,j , (2)
where Np is the number of particles in a given halo, and
∆xk,j is the j-component of the unit vector ∆xˆk pointing
from the halo center to the position of the kth particle.
To quantify the correlation between sij and Iij , we first
define a field Iij(x) from the shape tensors of individual
halos as
Iij(x) =
∑
hWh(x)Ih,ij∑
hWh(x)
, (3)
where the weight function is normalized to have unit
integral,
∫
d3xWh(x) = 1. For concreteness, we use
triangular-shaped cloud deposition [35] for Wh. We then
Fourier transform and define the cross-power spectrum
Pcross(k) = Re
〈∑
ij
s∗ij(k)Iij(k)
〉
. (4)
We can similarly measure correlations between other
halo properties and tidal fields. Besides the dimension-
less shape tensor, we also define a dimensionless velocity
dispersion tensor
σij =
1
Np
Np∑
k=1
∆vk,i∆vk,j , (5)
where ∆vk,j is the j-component of the unit vector ∆vˆk
pointing along the relative velocity between particle k
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FIG. 1. Real-space cross-correlations of the tidal field sij with various internal halo properties: shapes (Iij , blue dashed lines),
velocity dispersion (σij , orange dotted lines) and angular momentum (LiLj , green solid lines), for two different halo mass bins.
For comparison, we also show the matter power spectrum (black solid lines). Shaded areas represent 1σ uncertainty, computed
as the error on the mean from 1000 Quijote simulations. While shapes and velocity dispersion are negatively correlated with
the tidal field on all scales, angular momentum shows a nontrivial scale dependence and changes sign in a mass-dependent
manner.
and its host halo. Finally we also define the dimensionless
angular momentum vector as
Li =
1
Np
∑
k
ijl∆xj∆vl, (6)
where ijl is the antisymmetric Levi-Civita tensor. We
use unit vectors in defining Iij , σij , and Li, to facilitate
the comparison between the strengths of their correla-
tions with the large-scale tidal field.
We next compute cross-power spectra between the
tidal tensor sij and halo shapes Iij , velocity dispersion
σij , and angular momenta LiLj . Fig. 1 shows the re-
sulting cross-power spectra for various halo mass bins.
We find that all of these quantities are significantly cor-
related with tides across all scales. The shape tensor
and dispersion tensor are anti-correlated with sij using
our sign convention for the tidal field, and appear to lin-
early trace sij on large scales, with bias coefficients typ-
ically a factor ∼ 2 − 3× larger for shapes than for dis-
persion. The cross-spectrum between sij and LiLj has
a more interesting scale dependence. On large scales,
LiLj anti-correlates with sij , but on small scales these
quantities positively correlate. If we try to write LiLj as
a biased tracer of sij then the bias exhibits scale depen-
dence over surprisingly large scales, much larger than the
Lagrangian sizes of the corresponding halos. We should
note that this scale-dependence only hold for relatively
large halo masses, M >∼ 1013M. Our simulations do
not resolve halos of lower mass, however we have stud-
ied halos with Mvir < 10
12M from the ν2GC-L sim-
ulation [36], for which Rockstar halo catalogs [37] are
publicly available.2 The Rockstar catalog lists the an-
gular momentum vector Li for each identified (sub)halo,
and so we compute the cross-correlation of the LiLj field
with the large-scale tidal field as determined using these
(sub)halos as a proxy for mass. For these low-mass ha-
los, the cross-spectrum does not exhibit the strong scale
dependence at k <∼ 0.1hMpc−1 that we find for massive
groups and clusters.
The correlation between halo shapes and large-scale
tides is not surprising, since it is the halo version of
the well-known tidal alignment effect that gives rise to
the GI correlation from weak lensing [34, 38]. The sign
of this correlation is easy to understand from the the-
ory of ellipsoidal collapse [39]. Under our sign conven-
tion for sij in Eqn. (1), a positive eigenvalue corresponds
to a direction where tides act to compress the flow of
dark matter. The directions with the largest eigenvalues
tend to collapse earliest, while directions with the small-
est (most negative) eigenvalues collapse later. In col-
lapsed halos, the axes that collapse earliest correspond
to the minor axes with the smallest eigenvalues of Iij ,
while the late-collapsing axes become major axes with
the largest eigenvalues of Iij . Therefore, the eigenvalues
of sij anti-correlate with the eigenvalues of Iij , leading
to a negative cross-power spectrum. The same argument
also explains the sign of the cross-correlation between
sij and σij : in collapsed halos, motions of DM parti-
cles are largest along the long axes and smallest along
the short axes (e.g., [40]). The complicated shape of
the LiLj cross-correlation would appear to preclude a
simple explanation, but the magnitude of the correlation
2 See http://hpc.imit.chiba-u.jp/~nngc/data.html
4is smaller than the shape and dispersion correlations by
about a factor of λ2, where λ ∼ 0.05 is a typical value
for the halo spin parameter [41].
IV. CONSEQUENCES
The existence of significant correlations between non-
scalar properties of halos and large-scale tidal fields im-
plies that halos exhibit anisotropic assembly bias. This
anisotropic bias can have important consequences for
the observed clustering of halos and galaxies in redshift-
space, as noted by [20, 26]. One way to see this is to con-
sider the line-of-sight (LOS) component of the tidal ten-
sor, which in Fourier space is szz(k) = (µ
2 − 1/3)δm(k),
where µ = kz/k. The angular factor µ
2−1/3 is precisely
the same as the angular weighting P2(µ) used to com-
pute the quadrupole moment of the 2-point function in
redshift-space. Therefore, any nonzero correlation with
the tidal field is degenerate with RSD, which can com-
plicate the interpretation of measurements in redshift-
space. Care therefore needs to be taken when using RSD
to measure the growth rate of cosmic structure (through
f = d logD/d log a) if using an object selection algorithm
correlated with tides, which could lead to significant er-
rors and biases in measurements [20, 26]. In general, to
date, RSD have been measured from samples selected
such that such correlations are averaged over and are
therefore small [28, 29]. Below we illustrate potential
biases that could arise with specific examples.
A. Quadrupole in real-space
In order to reveal anisotropic halo bias, we measure the
Legendre moments of the power spectrum with respect
to the LOS, taken to be along one axis of the simulation
P `hm(k) =
2`+ 1
2
∫ +1
−1
Phm(k, µ)P`(µ)dµ, (7)
where P`(µ) is the Legendre polynomial of degree `, with
argument µ = k‖/k. We repeat this procedure with the
LOS taken along each of the three coordinate axes and
compute the average multipoles for ` = 0 (monopole)
and ` = 2 (quadrupole). In Fig. 2 we show the result-
ing quadrupoles (in real-space) for the halo populations
with mass Mh > 6.57 × 1013[h−1M], split by internal
halo properties. For the LOS extent and velocity disper-
sion we compare the top and bottom 10%, while for the
net halo angular momentum we split in direction. The
errorbars have been computed as the error on the mean
over all simulations for a single axis. Note that all of
the quantities used for selection are normalized dimen-
sionless quantities. Thus the selection of top values of,
e.g. velocity dispersion, will not be dominated by massive
halos which have higher values of σ.
Fig. 2 shows that this type of real-space selection intro-
duces a nonzero quadrupole. Of the three halo properties
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FIG. 2. Measured quadrupole of the halo-matter cross power
spectrum in real-space for various halo selections using in-
ternal halo properties. Top panel shows the quadrupole for
halos selected based on their LOS extent (blue) and velocity
dispersion (orange). The bottom panel shows results for halo
selection based on orientation of the net halo angular momen-
tum. The shaded areas in both panels are the 1σ uncertainties
computed as the error on the mean over all simulations.
we examined, the effect is strongest for the split on halo
shape, as expected from magnitudes of the tidal field cor-
relations shown in Fig. 1. Splitting on LOS velocity dis-
persion results in a similar (though weaker) effect. Split-
ting halos based on the direction of their angular momen-
tum vectors also results in a highly significant nonzero
quadrupole, though with a much smaller amplitude than
what was obtained for the shape and dispersion-based
splits. This is again consistent with our previous finding
that the correlation of tides and LiLj is weaker than the
correlations with shapes and velocity dispersions. Note
that the scale-dependence of the sijLiLj cross correla-
tion appears different than the scale dependence shown
in Fig. 2; e.g. the zero-crossing occurs at larger scale in
Fig. 2 than in Fig. 1. This is because in Fig. 1 we corre-
late tides with the angular momentum vector L, while in
Fig. 2 we split based only on the direction of L, i.e. using
5the unit vector Li/|L|. If we instead split halos based
on the magnitude of Li, then the quadrupole shows sim-
ilar scale dependence as in Fig. 1, and conversely, if we
compute the cross-spectrum between the tidal field sij
and the unit vectors LiLj/L
2 then the scale dependence
of the cross-spectrum resembles Fig. 2. We find similar
behaviour for other halos masses as well, with the zero-
crossing shifting to larger scales with higher halo masses.
One important point to stress is that the size of the
real-space quadrupole shown in Fig. 2 is similar to the
size of the quadrupole generated by the transformation
from real-space to redshift-space, at least for halo shapes
Iij and dispersion σij . Therefore, we can expect O(1) ef-
fects on the RSD for samples selected on these properties,
as we discuss next.
B. Redshift-space distortions
On large scales in linear theory the effect of RSDs is
described by the Kaiser model [23]:
δg(k) = (bg + fµ
2)δm(k), (8)
where δm is the (real-space) matter overdensity, δg is
the (redshift-space) overdensity of tracers, bg is the lin-
ear bias of the tracers, f = d lnD(a)/d ln a is the loga-
rithmic growth rate, and D(a) is the linear growth fac-
tor. As Eqn. (8) makes explicit, when the matter field
δm is statistically isotropic in real space, then redshift-
space distortions are the only source of anisotropy in ob-
served 2-point statistics, so that the observed quadrupole
is proportional to f . When halos are selected on non-
scalar quantities, there can be an extra correction to
the quadrupole due to the physical correlation with tidal
fields that adds to the Kaiser distortion, of the form
[20, 26]
δg(k) =
[
bg + bq
(
µ2 − 1
3
)
+ fµ2
]
δm(k). (9)
If RSD for tracers with nonzero bq are modeled using
Eqn. (8), this extra correction to the quadrupole from
anisotropic assembly bias will lead to incorrect determi-
nation of f . This correction arises for selection effects
that couple to the tidal field, and does not necessarily
allow for all possible selection based effects [25].
As discussed above, because galaxies are necessarily
observed in redshift-space, any group-finding algorithm
will generically be sensitive to non-scalar properties of
groups that correlate with tidal fields, introducing ad-
ditional corrections to the observed quadrupole beyond
the Kaiser RSD. As well as these effects, which depend
on a physical correlation due to halo assembly bias,
we will also see apparent anisotropic clustering due to
the redshift-space selection [25]. We illustrate the com-
bined effect with the example of FoF groups found in
redshift-space. We use the same isotropic linking length
(bll = 0.2) used to find real-space halos, and then mea-
sure the quadrupole of the halo-matter cross-spectrum
Phm. In redshift-space, the observed quadrupole sig-
nificantly deviates from the standard Kaiser prediction
on large scales, as shown in Fig. 3. The Kaiser predic-
tion is estimated using the measured monopole of the
cross-spectrum, which (knowing f) determines the bias
b for this sample. This disagreement with the Kaiser
prediction occurs for objects selected in redshift-space,
but not objects selected isotropically in real-space (see
blue curves in Fig. 3, for example). Another way to illus-
trate the discrepancy with the Kaiser model is to measure
the real-space quadrupole of groups selected in redshift-
space. In real-space, the RSD vanish, meaning that any
nonzero quadrupole is associated with selection effects
or correlations with the tidal field. As the right-hand
panel of Fig. 3 shows, the real-space quadrupole of the
redshift-space groups is indeed significantly nonzero.
As noted above, the nonzero real-space quadrupole
for redshift-space selected groups arises in part from
redshift-space selection effects (e.g., [25]) and in part
from anisotropic assembly bias of real-space halos. To
help quantify which of these effects is dominant, we have
attempted to remove any correlations between small-
scale structure and large-scale tides before measuring the
power spectrum. We do so by first finding all groups with
nmin = 3 and bll = 0.28 in real-space, and then we ran-
domly rotate each group. We subsequently put all par-
ticles in redshift-space, and find redshift-space groups as
before. We then measure the quadrupole of the power-
spectrum of these groups in both real- and redshift-space,
and compare to the non-rotated versions in Fig. 4. In
redshift-space (left panel) we see a large difference be-
tween the quadrupoles with and without rotation. Both
have the same selection functions - being selected in
redshift-space, but for one we have removed the physical
correlation between small-scales and large-scales. This
shows that a significant component of the quadrupole
comes from halo assembly bias. Moving these groups
to real-space (right panel) we see that, on scales much
larger than the sizes of any of the rotated groups, the
real-space quadrupole of the halo-matter cross-spectrum
is significantly reduced: we have removed the effects of
halo assembly bias, so only the redshift-space selection
effects remain. The real- and redshift-space results are
consistent, with an offset of similar magnitude from the
Kaiser model prediction remaining in both, even after
rotation. Such an offset is not surprising, even in the
absence of halo assembly bias, due to the redshift-space
selection effects [25].
V. CONCLUSIONS AND SUMMARY
We have investigated the clustering of haloes found in
redshift-space in order to help to understand the cluster-
ing of groups found in galaxy surveys, and the component
of the clustering of galaxies and 21cm observations cor-
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FIG. 3. Left : Quadrupole of the halo-matter cross power spectrum in redshift-space in the case halos are found in real- versus
redshift-space. We also show the corresponding Kaiser quadrupole predictions (dashed lines) where we use the known value of
f and fit to the amplitude of the monopole on large-scales to estimate the bias. Right : Quadrupole of the cross power spectrum
in real-space of particles that end up in halos with different masses found in redshift-space with the matter field in real-space.
For comparison, we show the expected real-space quadrupole in the case of vanishing Kaiser RSD (f = 0) and bq = −1 (gray
solid line). Note the negative sign of the measured quadrupole. In both panels the lines and shaded regions represent the mean
and the 1σ uncertainty on the mean over 1000 realizations.
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quadrupole. The shaded regions in both panels represent the 1σ uncertainties computed as the error on the mean over 1000
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related with halo properties.
Using simulations, we have shown that assembly bias,
the correlation (at fixed mass) between internal halo
properties and large-scale environment, exists not only
for scalar properties like age, concentration, etc., but also
for non-scalar properties as well, like shapes, velocity dis-
persion, and angular momentum. These correlations are
not surprising, and have been known for some time: for
example, tidal torque theory has long been hypothesized
as the origin of angular momentum in galaxies and halos
(e.g., [42, 43]), and the theory of ellipsoidal collapse [39]
predicts that halo shapes and dispersion tensors must be
aligned with tidal fields in the sense observed in our sim-
ulations.
Anisotropic assembly bias can impact on observed
galaxy clustering in subtle ways. One example of this
7is already well-known in the cosmic shear literature: the
correlation between tides and shapes leads to the GI
alignment contaminant for weak lensing [34, 38]. As
first pointed out by Hirata [26], the radial projection of
the GI correlation can similarly act as a contaminant for
redshift-space distortions, whenever galaxy selection cou-
ples to galaxy shape. We have argued that similar con-
tamination can arise whenever galaxy selection couples
to LOS halo velocity dispersion or angular momentum.
Provided that galaxy velocity dispersion and angular mo-
mentum correlate with those of their haloes, we could
see an effect for spiral disk galaxies, when dust extinc-
tion and reddening are more severe for galaxies viewed
edge-on than for face-on.
Our work has more direct relevance for the analysis
of groups of galaxies found in redshift surveys [44, 45].
For groups found in redshift-space, it is clear that the
anisotropic clustering will be distorted from the Kaiser
model by both assembly bias and redshift-space selec-
tion effects (for example a biased selection towards pairs
of objects with a strong pairwise infall). Our results from
simulations suggest that these effects could be of the same
order as the standard RSD signal. Thus it may be dif-
ficult to use such group catalogues to split samples and
use multi-tracer techniques to enhance the RSD signal
[46], or to weight galaxies to enhance the measured clus-
tering [47], without also distorting that clustering away
from the predictions of simple models.
At low redshift the 21cm signal observed by intensity
mapping surveys like CHIME [48] is expected to originate
primarily from dense gas clouds with column densities
NHI >∼ 1020cm−2 similar to damped Lyman-α absorbers
[49]. At column densities NHI >∼ 1021cm−2, 21cm can
self-absorb, i.e. the sources can become optically thick
[50]. This can preferentially scatter 21cm photons away
from observers in the galactic disk plane towards ob-
servers perpendicular to the disk plane, causing the 21cm
signal seen by any observer to preferentially arise from
face-on galaxies rather than edge-on galaxies. As noted
above, through the galaxy–halo correlation, this can gen-
erate a quadrupole that is indistinguishable from RSD,
even though no actual galaxies are individually identi-
fied in the 21cm intensity map. The presence of such
contamination can severely complicate the interpretation
of RSD observations. Conservatively, one might imagine
that we will need to marginalize over an unknown lin-
ear tidal bias bq (see Eqn. (9)) much as we marginalize
over an unknown linear bias b when modeling observed
galaxy correlations. Doing so would degrade (or possi-
bly lose) the information provided by measurements of
the power spectrum quadrupole. This degradation can
be mitigated when we can place constraints on bq using
independent measurements. For example, as explained
by Hirata [26] in the context of galaxies, the same cor-
relation between tidal fields and radial alignment that
contaminates galaxy RSD also appears as a correlation
with transverse alignments, meaning that measurements
of the GI correlation for any particular galaxy sample
can help to limit the magnitude of bq for that sample
[20]. This does require us to resolve individual sources,
and so this mitigation procedure may not be possible for
intensity mapping surveys with low angular resolution.
We can also view this effect more positively as an op-
portunity to detect halo assembly bias. Scalar (isotropic)
halo assembly bias has eluded observational detection
[16] despite considerable effort [17, 51] as noted above,
in part since it is degenerate with halo mass uncertainty.
In contrast, anistropic assembly bias cannot be mimicked
by varying the halo mass. Using existing galaxy redshift
surveys, it may be possible to detect various forms of
this assembly bias. For example, we could imagine com-
paring the redshift-space clustering of galaxies of similar
stellar mass but different 1D (LOS) velocity dispersion.
Similarly, our results suggest that the RSD of groups
selected in redshift-space will have enormous deviations
from standard Kaiser RSD, analogous to predictions for
void clustering [25]. Such effects may be detectable al-
ready using existing data from BOSS, or from upcoming
DESI data.
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